Abstract. By examining the observational limits and biases for lidar, radar, and airglow imager measurements of middle atmosphere gravity waves, we provide plausible explanations for the characteristics of the monochromatic wave parameters that have been reported during the past decade. The systematic dependencies of vertical and horizontal wavelength on wave period, reported in many lidar and some radar studies, are associated with diffusive damping. The prominent waves with the largest amplitudes, most often observed by lidars and radars, are those with vertical phase speeds near the diffusive damping limit. The narrow range of horizontal phase velocities of the waves seen by OH imagers is a consequence of the combined effects of the gravity wave spectrum and the OH layer response to wave perturbations. The strongest airglow fluctuations are associated with waves having vertical wavelengths comparable to the width of the OH layer. These waves have fast horizontal phase speeds near 70 m/s. Simple formulas which describe the regions of the wave spectrum observed by each instrument are derived and compared with published data. Lidars, radars, and imagers are often most sensitive to waves in largely different regions of the spectrum so that their measurements are truly complementary. However, these ground-based techniques are often incapable of observing the large-scale waves with periods longer than about 5 hours and both long vertical (> 15 km) and horizontal (> 1000 km) wavelengths. Spaceborne instruments, such as the high-resolution Doppler imager (HRDI) and wind imaging interferometer (WINDII) on UARS, are the techniques most likely to provide the key observations of the low wavenumber, low-frequency region of the gravity wave spectrum.
Introduction
Lidars, radars, and airglow imagers are used widely to study gravity waves in the middle atmosphere. For more than 3 decades, radars have provided a wealth of data on individual wave characteristics and on the spectra of quasirandom wave perturbations. Rayleigh and Na lidars have complemented these observations by providing similar data on the smaller-scale waves throughout the stratosphere and mesosphere. More recently, modern airglow imagers equipped with sensitive low-noise CCD arrays have provided crucial data on the horizontal structure and propagation directions of mesospheric gravity waves. Reid [1986] and Manson [1990] In this paper we examine the measurement limits and biases of some of these instruments and provide plausible explanations for the characteristics of the wave parameters that have been reported. We show that the systematic dependencies of the vertical and horizontal wavelengths on wave period seen in the lidar and some radar data are related to diffusive damping of the waves. We also show that the narrow range of fast horizontal phase velocities of waves seen by OH imagers is associated with the combined effects of the gravity wave spectrum and the OH layer response to wave perturbations. We derive simple formulas to describe the regions of the wave spectrum observed by each instrument and compare the predictions with observational data. These results illustrate that lidars, radars, and imagers are often most sensitive to waves in largely different regions of the spectrum so that their measurements are truly complementary.
OH Airglow Response to Gravity Wave Perturbations
The Meinel Band vibrational spectrum of excited OH arises from the reaction H + 03 => OH* + 02.
(1) Only the Linear Instability Theory (LIT) paradigm, originally described by Dewan and Good [1986] , and the Diffusive Filtering Theory (DFT) paradigm, formulated by Gardner [1994 Gardner [ , 1995 , have been developed in sufficient detail to characterize all the joint spectra, including the (m, co) spectra, which we require in (6)-(8). In its current form the LIT model for the (m, co) spectrum of horizontal winds, temperature, or relative atmospheric density is separable. 
The approximations on the right-hand sides of (16) (9) and (11)), while the OH response decreases in proportion to exp(-m2{•2OH ) (equation (6)).
The combined effect is a sharply peaked response near mOH or equivalently near c h --N/mOH.
Observational Limits for Lidars and Radars
Lidars and radars measure the height profiles of various atmospheric parameters such are temperature, winds, and density. These profiles or sequences of profiles may be used to determine gravity wave parameters. In principle, the DFT is valid, the waves will be restricted to the darkly shaded area to the left of the diffusive damping limit. The mean square wave amplitudes are given by (5), (7), and (8). Since the density, temperature, and horizontal wind spectra all have the same form, we restrict our attention to the relative atmospheric density amplitudes. By using the DFT spectrum model in (5) 
Conclusions
Radars, lidars, and airglow imagers are all making significant contributions to our knowledge and understanding of gravity waves in the mesopause region. Each instrument is capable of observing quasi-monochromatic waves, as well as the spectra of the quasi-random perturbations in atmospheric density, temperature, and winds. We have shown that these instruments observe important but limited regions of the wave spectrum. The regions are related to the spatial and temporal limitations of the measurements and, in the case of imagers, by the response characteristics of the airglow layers. Accurate interpretation of the observations requires a clear understanding of the limits and biases of each measurement technique.
Fortunately, lidars, radars, and imagers are often most sensitive to waves in largely different regions of the spectrum so that their measurements are complementary. Some of the most interesting studies are likely to emerge from wave observations in the narrow regions where the instrument sensitivities overlap and the intrinsic parameters of the waves can be completely characterized. Our analysis shows that the existing database, collected with groundbased instruments has significant limitations. Waves with periods longer than about 5 hours, vertical wavelengths exceeding 15-20 km, and horizontal wavelengths exceeding ~1000 km are not presently sampled. While powerful Rayleigh/Na lidars and mesosphere-stratosphere-troposphere (MST) radars observing over extended height ranges may be able to probe some of this spectral region, spaceborne instruments such as the high-resolution Doppler imager (HRDI) and wind imaging interferometer (WINDII) on UARS are the techniques most likely to provide the key observations of these large-scale waves. Although our imager results were derived specifically for OH emissions, gravity wave imaging using the other mesospheric airglow emissions will be subject to essentially the same limitations.
The only differences will be the values of the emission response limits. Since the widths of the Na, O, and 0 2 airglow layers are comparable to the width of the OH layer, we expect the emission response limits for all of these emissions to be similar. The brightness of the emissions and the sensitivity of the imager also influence the response limits. Observations can be extended to shorter vertical wavelengths by employing sensitive imagers observing the brightest emissions and to longer wavelengths by employing beam swinging or multi-instrument radar techniques.
